
- - - -_-- _ - _ _

_-- -

4'

WESTINGHOUSE CLASS 3 (Non-Proprietary)

a

'

,

.

n-

1

1

Y

_ --

-

;gr 2?8E U BBQ; ' - y;
"

- _ _ _ .



.
. : - ; ), y;,4 :- - - ,;.:.~ . :-

.

., .
. v*y

. . :
-

.
. -

-
; .. .

.
.

..
, _

.
_

' _ . -' .. ; - y,:..s',
,; , . . y r j,, - - ->-

, .

,

. 7.;,a _ . .; . :g,;.r|. ; |j, f f|I i:|.' . ?'.
_

,,

'

. ,N
'-

- -

.... j ..,;;y . 3 ,)
- .

,. .
.:. ,. . . .

! 's c. .i . . ' . 8. . t J.. *
' "

~

' , , '--

E.f %''. -| ,[I ',j.j..J f
| C.; - '

; ..
.

> )
-

1 - . .s . ,
;..

'
~

|'} If '(. . g y. , v . -
-

,.__

w. ,
. . . . .e

!
i

. .e

'jg.
,

', . '. , , | :n

'/ ..*s

,~[
'

,...! .A.'.'
'

j, , -
, ., "'

'9
'

. , . .

i . :

. f Y ..
'

..5

- ' 4; I fQ
^

.',

. . . s.

..

. . . . . , , .

.If
_; , , . '' g',

- .. . .
' i

.

. s.

._ ,

- f {. Q'

1..'B.; :-

*
.. ;- L e:

J |f. .,

. ).
; -|:

'

.; ; . -.- .

( ~ .. -
- n ..>

, .

N ' ~

..
- r' L

' '{1~q-.. ; 1'
-

L.
'

:
i .

' ih . .q.

-

. -(,
' ..f . , .; x :

..

-

*| ' ]m

j g : oe . . 3y$
.

-

. . . .
,

*Sq.J % '- ff.!
-

.q
- '.-' 1 ...

f&+fu...y
^-

..

h g p, h.hhm h.,gfq;4f@enn
-

t n}. W
ms-

4' .
s,

A gc y, a/.psgw;74 e4 ,
ga ;. , -n

xi,q e.n.'y y'9 ''

' I ' ') ' k

,( 3 S 3 ',T..s;n', ,c
_-

. ,:

'f .

.

Y ?
.

6 $dfkk.il
,

.

f - ' J ; Ni
'

.-f .
. . .

'

h f, .b hW
"

-

;_
. 4w ; w%$$e$

y;c.; I:'f

.

.,
.

,
'

;p: :
: a;h -

+._. - "
- g .] w . Q.7,e .

,. . . :gg- , w_: .

,;; :. ; . > % . .$
. ,> 9; . . m c. A,[.

. _ . . .. r. , . \.

.,
.3 j. * . . . ' y,q''

:s y;. ; . .; 9

g,f y: . -. m...

q. r ec

1.gi.(3. . T 1 ?. y
..

. . 1



. . - . - ,~ . .. ,- . ... .- , , . . - - . . - . . .-. .

"
.

.

I- '
.. --

,

WESTINGHO11SE C1. ASS 3- .,
'

-

,
,

u -

!
*

WCAP 13603.

t .-

i et

'
a

.

:
..

.

;

L

RV Closure HeadLPenetration
' Alloy 400 PWSCC.-

.

(Phase 2) 4

:
.

i:

.

i

, . . _ . . - ,

'Ibcember 1992 -e

:

.'Lo

!

*

,

;j

<

w

W

.

I

w

'

'
,

s !
_

,

e < . Y

4."
,

WESTINGi10US!! ELECTRIC CORPORATION

-[

s

1
.''

. Nuclear and Adhnced Technology Division',

! P.O. Boxi355 ''
'

. _ Pittsburgh, Pennsylvania 15230' '

O 1992:W6stingho.tse Electric. Corporation J
.All Rights Rererved '

'

,

s

N

..%7F0746A:ltW10593 -

-3-
, - p ,

. ., * :

[ 'I
,

,

, -- :

' _- --i
p ., 7, y

'

<

;.c
,

. w. s .

g s' jy g- 9 g[ g ,yeg - .- $ p. @ , ,#+3 d c. w 4, p. .'c.w_>%, , h,q-, ,.' %eg g 4 , .gr,.- >< ,-



--- _ . _

t

' 4

I

i
~

TAllLE OF CONTENTS
T

Section Page
,

' Table of Co: stents i

: .

i List of Figures til

List of Tubles vi
.

t

Executive Summary vii

- 1.0 Introduction 1

.

; 2.0 Penetration Stress Analysis 2 +

2.1 Background 2,

2.2 Approach 2,

| 2.3 Elastic Plaatic Analysis Procedure 3

2.4 Stress Analysis Results - Outermost Penetration 7

2.5 Stress Analysis Results - Intermediate Penetration 13

2.6 Stress Analysis Results - Center Penetration -13'
2.7 Reactor Vessel licad Bolt up Stress Centdbution 18.

2.8 ASME CoddReactor Vessel llead to Penetration Tube Weld Conservutism 27
' '

2.9 Development of Stress / Strain Curves 33

2.10 Two and Three Loop Reactor Vessel Reconcillation 46
2.1 ( Summary tmd Conclusions 50,

,

'

3.0 Crack Growth Analysis: Flaw Tolerance 52
;
.

3.1 Introductiou 52
3.2 Crack Growth Prediction . Methodology 52-
3.3 Overall Approach 54

.

3.4 Results 55~
-

3.5 Sununary and Conclusionx 55-.

4.0 Penetration Leakage Assessment 66

4

4.1 Leak Rate Calculations for the Reactor Vessel Head Penetration 66;
'

4.2 Reactor Vessel Head Wastage Aviessraent/Compadson to ASME Code Allowables 85

J

WPF0746A:lt@l0593 j

i
. - - . . _



: ,

2
.

TAlli,E OF CONTFNI'S (cnntinued)
,

:

Section Page-'

.

5.0 Plant /Penetnition Categorization 93

5.1 Plant Categorization 93

i 5.2 Microstnicture Characterization Studies 97
;

3

6.0 References 109'

?

|
.

.
4

~,

',

,

&

i

.

1

I

1

i

!

|

|

|
!

!

,
;'

!.

I

1

l
|

I

!

'WPF0746A:lbM10593 ij
r
!

I



.. . . . . .. - . .. .- _
- . . _ _ . -

*
.

t

:
;

! List of Figures
:

| Figure Title Page

i
; 21 'Ihtee Dimensional Model of the 4. Loop Outermost Penetration 4

| 2-2 Three-Dimensional Model of the 4-Loop Intermediate Penetration 5

| 2-3 'Ihree-Dimensional Model of the 4-Loop Center Penettation 6

24 Steady State Operational Stresses for Outer Penetration 8 y

2-5 Stress Plots Along Inside Surface of Outer Penetration 10

2-6; Stress Distribution at Steady State Condition of Outer Penetradon 11 ;

2-7 Strest, Plots Along Outside Surfecc of Outer Penetradon 12

2-8 Stress Plots Along Inside Surface of Intermediate Penetradon 14

| 2-9 Stress Distribution at Steady State Condidon of Intermediate Penetration 15
; 2 10 Stress Plots Along inside and Outside Surfaces of Center Penetradon 16

2-11 Stresc Distribution at Steady State Condition of Center Penetration 17

| 2-12 Model Mesh (Isoparametric Axisymetric Model) 19 |
2-13 Current Boundary Conditions on R/V Ilead Penetradon Models 20

; 2 14 Locadon of Line S6S3 in Model Mesh 22 i

: 2-15 Displaced Element Plot (Bolt Up and Pressure Loadings) 23 ;

! 2-16 Hoop Stress X-Y Plane o, (Bolt-Up Load Only) 24
2-17 Iloop Stress Z Direction o (Bolt-Up Load Only) 24. y

; 2-18 Hoop Stress X-Y Plane o, (Pressure lead Only) 25

| 2 19 Hoop Stress Z Direction o,(Pressure Load Only) 25
2-20 Hoop Stress X-Y Plane o, (Bo!t Up and Pressure Load) 26.

2-21 Hoop Stress Z Direction o,(Bolt-Up and Pressure Load) 26
-

! 2-22 Weld Length on Head Penetradon Tube 29
'
; 2-23 Test Specimen 34
| 2-24 Head Penetration Tube Sample 34
| 2-25 Cyclic Stress-Strain loading Representation 36

2-26 Hold Time Stress-Smdn Test Graphical Representation 367
,

2-27 Alloy 600 head Penetration Material 42
| 2 28 Alloy 600 Material 43

2 29 Alloy 600 Material Stress-Strain Curves 44 -,

i 2 30 Estimated Fat gue Curves for Test Material and Actual Test Data for 45i

. Special Tests
1

2-31 - Maximum floop Stress as a Function of Penetration Angular Location 49
'

'

3-1 Crack Growth Rate Measurements in the 1200 ppm B,2.2 ppm Li Baschne 58

|; Environment

32 Crack Growth Rate Results for Statically and Actively Loaded Specimens- 59
in Three Different Environments<

3-3 Scotts Model for SCC Growth Rates in Alloy 600 in Primary Water 60,

Envimnnants (330*C),

wPFOMA:ltuC10$93 ill

- - - . . . . . . ... . - ..



- .. . - . . .. .. .-. . . .

.

.

List of Figures (continued)

;

Figure Thle Page

|

3-4 Validation of Crack Growth Law with Field Data 61

3-5 Surrunary of Tetnperature Effects on SCC Growth Rates for Alloy 600 in 62

Primary Water, Laboratory and Held Experience

i 3-6 Crack Growth Predictions for Surface Fhws Below and At the Weld Region 63

| in the Ilead Penetrations for a Rarge of Temperatures

37 Crack Growth Predictions for Through Wall Flaws Located Below the Weld N
in Head Penetrations for a Range of Temperatures

3-8 Crack Growth Predictions for Growth At and Below the Weld on the Upper 65

| Hillside Location, for a Range of Temperatures

| 4-1 11 cad Penetration and Vessel Asnembly 80

4-2 leak Rate as a Function of Cleunmce and Crack Lengths in Terms of Liters 81

per Minute at the Edt of Annulus Clearance Between Head Penetration
'

and Vesse! ,

4-3 Leak Rate as n ihnetion of Clearance and Crack Lengths in Terms of GPM at 82

the Exit of Annulus Clearance Between Head Penetration und Vessel
4-4 Predicted Leak Rate for liydrotest C(mdidons - Short Cracks 83

45 Predicted Leak Rate for ifydrotest Conditions Large Cracks 84.

| 4-6 WOG Plant Reactor Vessel licad Penetration Leakage Postulated Wnstage 91

Defect Geometries
;
'

4-7 Reactor Vessel Head Wastage Analysis Model for Four Loop Head 92

5-1 Knoop Hardness Traverses on the Transverse Cross Section of n Jamesport 100

Penetradon Tube Wall Starting at a Ground Surface and at a Macnined Surface

52 SEM Micrographs Illustrating the Microstructure of the Alloy 600 Sampic '101

Obtained from the Beaver Valley Station Penetration Tube Calibration

Standard (Brondue etch),

| 5-3 SEM Microgmphs Illustrating the Microstructure of the Alloy 600 Sampic 102

| Obtained from the Vogtle Station Penetration Tube Calibration Standard

| (Bromine etch)
54 SEM Micrographs Illustrating the Meronrucmre of the Alloy 600 Sample 103

| Obtained front the St. Lucie Station %wtration Tube Calibration Standerd
! (Bromine etch)

5-5 SEM Micrographs Illustrating the Microstructure of the Alloy 600 Penetratiou 'l01
Tube Found in the Jamesport Unit 1 Renctor Vessel Closure Head (Bromine etch)

5-6 SEM Micrographs Illustratirg the Microstructure of the Alloy 600 Sample -105;

| Obtained from the Braldwood Station Penetration Tube Calibration Standard

. (Bromine etch)

.

I
i

wPF0746A0hol0593 iv

-. , , . -. - - - . - . -.



. .. .. - - - -- ... , . . ..- - -- . ..-- . -- .-

.

4

List of Flpures (contintied)

Figure Title Page

5-7 SEM Micrographs litustrating the Microstructure fiom a Space Piece of the 106 i

Alloy 600 Material Heat Used in the Ringnals Unit 3 Reactor Vessel Head

Penetration Tbbes (Bromine etch)
58 SEM Micrographs Illustrating the Microstructure of the Alloy 600 Saruple 107

Obtained from the Byron Station Penetration Tbbe Calibration Standard I

8(Brom.ne etch)
5-9 SEM Micrographs Illustrating the Microstructure of the Ahoy 600 Sample 108

Obtained from the Watts Bar Station Penetration Tube Calibration Standvd

(Bromine etch)

|

! WPF074cA:lbol059) y

i

l.
|

_ , , . _ - . .



.

..

,

List of Tnbles

Table Title Page

21 Iloop Stress Summary at Node 297 27
22 CRDh1 Weld Adapter Panlal Penetration Weld Lengths 30
23 Cyclic Stress Strain Test Results 38

2-4 Results for the 10 Block CycIlc Teat, f.pecimen Number 65-03 38

2-5 Results for the [ f Bicck Test Specimen Number 65-04 39
2-6 Iloid Time Suess-Strain Test Results 40
27 hiodulus of Elasticity LE) for Test Specimens 41

28 Comparison of Vessel Sizcs 46
29 Results of 2 D Center hiodel at Steady State, Effect of Vessel Site 47

2 10 hiaximum floop Stresses Along inside Surfaces at Steady State - 48

4 Loop Plant

2-11 hiaximum Hoop Stress Calculation for 2 & 3 Loop Plants 48
2-12 Summyy of 4-loop Penetration Steady State Stress 51

3-1 Temperature Correction Factors for Crack Growth: Alloy 600 57
4-1 Leak Rates lhrough a Range of Crack Lengths: licad Penetration 73
4=2 Crack Length, Mass Flux and heat Capacity Ration in the Annulus Clearance 74

between Penetration and Vessel

4-3 Leak Rate Through the Annular Clearance between the lleat Penetration 75

and Vessel

4-4 Final Leak Rate at the Exit of Annulus Clearance Between Head Penetration 76
and Vessel

4-5 Final Leak Ritte Calculation for Penetration with Reported Leak 78
4-6 Summary of Wastage Evaluation Stress Analysis 90
51 Summary of hietallography Results on A!!oy 600 Penetration Tube hiaterials 99

, WPF0746A:ltW10593 Vi

. - _ _ _ . - - _ . . _ _ _ _ _ _ _ _ _ - _ _ _ _



. - - . - _ -. .._ .- _. - .

|
*

'

,
.

i
Executive Summary

1
9 An extensive evaluation has been carried out to characterize the loading and stresses which exist in the

head penetrations of Westinghouse plants. Bree-dimensional finite element models were constructed.

| and all known loadings on the penetradons were analyzed. Rese loadings included internal pressure,

j thermal expansion, and interference fits, as appropriate. In addition, residual stresses due to the

welding of the penetrations to the vessel head (as evidenced by the observed ovality) were considered,'

t using an clastic-plastic finite element analysis.
:

} Results of the analyses reported here are consistent with the axial orientation and location of flaws

which have been found in service in a number of plants, in that the largest stress component is the
; hoop stress, and the peak stresses were found to exist in the penetration * whose circumferential
! locations are farthest away from the center of the vessel. The most important loading conditions were

i found to be those which exist on the penetration for the majority of the time, which are the residual

j stresses. These stresses r.re important hecause the reported cracking which has been observed to date

in operating plants has been determined to result from primary water stress corrosion cracking

(PWSCC), and were used in fracture calculations to predict the expected growth of flaws postulated to
*

exist in the head penetrations. Crack growth laws were developed specifically for the range of
? operating temperatures of the head for Westinghouse plants, based on information from the literature

as well as a compilation of crack growth data for operating plants.

| Crack growth predictions show that the future growth of cracks which might be found in the

penetrations will in general be very slow, in that, a number of years are expected for any significant;
' extensions.
i

!
i Re safery consequences of an indication, below the weld, even if the indication were to have

: propagated through the penetration wall, would be of no consequence at all since the pressure

boundary would not be broken unless the indication wete to propagate above the weld.

[ The hoop stresses in the penetration remain larger than the axial stresses along the entire penetration.
1 As such, further propagation of the indication would not change its orientation. Herefore, it is
! extremely unlikely that the head penetration would be severed as a result of any indications.

Any indication is unlikely to propagate very far up the penetration above the weld because the hoop
i stresses decrease in this direction. This decrease in hoop stress will cause the rate of propagation to

slow down, and perhaps even to stop before the indication reaches the outside surface of the reactor

vessel head. This result from the stress analysis supports the conclusion that it is extremely unlikely
that leakage of any magnitude will occur.

.

; For flaws above the vessel to penetration tube weld that propagate through wall, resulting in small

leaks, corrosion / wastage of the low alloy carbon steel vessel head could occur. De potential
i

|
>

l
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corrosion / wastage of the vessel head has been shown to be such that struct>; al margins would be

maintained within ASME Code allowables for six years of plant operation at 1007c power.

The high likelihood that the indication will not propagate beyond the outer surface of the vessel head

ensures that no catastrophic failure of the head penetration will occur. This is because the indication

is expected to be enveloped in the head itself, which precludes the opening of the crack and lindts

leakage. In order to produce a failure of the head penetration, the flaw would have to extend over
13 inches above the head, which has been shown to be an extremely unlikely event. If crack growth

beyond the outside surface of the reactor vessel head is considered, leakage will be detected prior to

the crack reaching the critical flaw size of 13 inches above the vessel head. In fact, a through wall

crack extending 2 3 inches above the penetration weld will allow leakage in excess of the 1.0 gpm

Tech. Spec, limit for leakage from an unknown source and therefore would be detected long before the

critical flaw size was reached.

i
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1.0 INTRODUCTION

Reactor vessel head adapter penetrations fabricated from Alloy 600 material have experienced cracking
during operation on at least [ ]' French plants [ ].' The toot

cause of cracking in these French vessels' penetrations has been identified as primay water stress

corrosion cracking (PWSCC) and has been reported to the WOG in Reference [ ] Domestic U.S.

| PWRs have penetrations of similar design as these French vessels although the service and material

conditions typically represent appreciable differences between the French and domestic units,'

l

in order to establish if potential cracking represents a possible safety condition the [ ] established
a program to evaluate the various consequences of cracking. The components of this program include:

Elastic / Plastic Analyses which envelop all Westinghouse Reactor Vessel Closure licad*

Peaetrations.

Crack Propagation Analysis*

Leakage Assessment*

Wastage Assessment of Low Alloy Steel Vessel llead*

| The program had three additional goals, not strictly related to the safety aspects of the penetration; (1)
'

Establish a methodology for performing a relative ranking of an individual plant's susceptibility to
PWSCC, (2) perform an assessme nt of typical Alloy 600 material microstructures used in the

penetration tubes, and (3) perform an availability review / survey of " Low Leakage" detection systems.

|
l
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2.0 PENETRATION STRESS ANAINSIS

2.1 Itackground

Several 3D-elastic finite element analyses performed previously to establish penetration stress

magnitude and distribudon, demonstrated that stresses caused by operational pressure and temperature

[ ]** loads are not large enough to cause penetradon tube ovality of the magnitude

which has been measured in a nurt.ber of plants. Ovality measurements were based on penetration ID

diametral and profile measurements taken from vessels of operadng plants as well as plants which

have not operated. It was further determined, qualitatively, that die residual stresses in and near the

weld region due to welding are significantly higher than those caused by operadonal loads. Stresses

experienced due to the welding fabrica3on processes used in attaching the penetration tube to the

vessel head, exceed the yield strength of the Alloy 600 weld and penetration material. Therefore it

became essential to perform additional stress analyses considering the inelastic mechanical properdes

of the penetrations, to more quantitatively define the stress field in the penetration.

2.2 Appruach

The additional analyses not only have to be detailed enough to provide quan:itative stress distributions,

but also are needed to envelop all WOG plant penetrations. The 4-loop penetration geometries were

judged to be enveloping. To help confirm that the analyses results of the 4-loop plant vessel head and

penetrations were enveloping, a parametric study was performed to study the effect of a) vessel site

and b) penetration locat. ion. The results indicated that the outermost penetrations of the 4-loop plant,

which has the largest weld-offset angle among the 2,3 and 4 loop plants, are the highest stressed

penetrations under operating loads and have the largest residual stieases, Therefore, it was judged,

using the elastic analysis and parametric stuoy, that the outermost penetrations of the 4-loop plmts are
the enveloping penetrations of all WOG plants.

Having determined that the 4-hiop plants envelope all WOG plants three penetration models were

built using temperature dependent clastic-plastic material properdes. Three different penetration
k) cations were modeled, they are:

1. The center location (#0)

2. The outermost locadon (e.g., penetration #78), and

3. A location between the outermost and center location (e.g., penetration #65)

In the Westinghouse 4-loop plani, penetrations #65 and #78 are located radially from the vessel
centerline, [ ]'' inches respectively.

WPF0746A:Ib!010593 2
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The models udlhed finite element 3-dimensional isoparametric brick and wedge elements with one

mid side node on each side of the elements. Taking advantage of symmetry through the vessel and

penetration centerlines only half the penetration geometry plus the surrounding vessel were modeled

for penetrations 65 and 78. In the center penetration case it was necessary to model only one-quarter

of the penetration as opposed to one-half the penetration. The difference being that for the center

penetration there was not differendal height across the weld (i.e., weld offset = 0.0 inch). i

!

In all models the lower ponion of the Control Rod Drive Mechanism (CRDM) Adapter tube (i.e.,

penetration tube), the adjacent section of the vessel closure head, and the joining weld are modeled. |

Re vessel to penetration tube weld was simulated with two layers of elements. These models are

shown in Figures 2-1,2 2 and 2 's. The penetration tube, weld metal and cladding were modeled as

Alloy 600 and the vessel head shell as carbon steel. Elements with clasde-plasde capabilities were

incorporated in the weld region and surrounding elements in both the penetration tube and vessel head

shell. The stress-strain material properdes of the clasde plastic elements represendng Alloy 600 were

derived from test data extracted using an actual Alloy 600 penetradon material sample taken from the

outermost penetradon of a non Irradiated plant. [

p

To simulate the stress history of the penetration tube a loading sequence experienced by the

penetrations was applied to each of the three models described above. De stresses caused by each of

the load cycles were stored and maintained in the model before the next load cycle was applied to

simulate the effect of residual stress. His provides for the accumulation of plastic stresses.

2 3 Elastic Plastic Analysis Procedure

ne load cycles described in Section 2.2 above are listed below:

,

a,c

WPF0746A:ltw010593 3
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FIGURE 2-1

TilREE-DIMENSIONAL MODEL OF TIIE 4 LOOP OUTERMOST PENETRATION
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FIGURE 2-2

THREE-DIMENSIONAL MODEL OF TIIE 4-LOOP INTERMEDIATE PENETRATION
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it was found froni the analysis that the welding process intmduces significant residual stresses in the

penetration tube near the partial penetration weld.
_

_

. _
a,c_

.

2.4 Streu Analysis Results - Outermost Penetra:lon

1he displacements of the vessel and penetration are shown in Figurc 2 4 for steady state operation.
_

-

d

_,
a,c-
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a,c

FIGURE 2-4

STEADY STATE DISPl ACEMENT OF
R/V Cl,OSURE IIEAD AND OUTERMOST PENETRATION

!
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>

respect to Westinghouse supplied vessels, and was the inaximum gap used in the leakage and wastage '

assessments.
.

The hoop, axial and effective (Yon Mises) stresses for the steady state operadng conditions on the i

inside surface along the peak stress lines are plotted in Figure 2 5. The highest stress lines along the

inside diameter occur at two locations; a) along the side of the penetration nearest the center of the

vessel (Line PA3), and b) the hillside which is furthest away from the center (180* away) (Line PA2).

Note that these two locations correspond to the locations where axial cracks have been reported to

exist.
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FIGURE 2 5

STRESS PLOTS ALONG INSIDE SURFACE
OF OUTER PENETRATION
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FIGURE 2 6

STRESS DISTRIllUTION AT STEADY STATE CONDITION
OF OUTER PENETRATION
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FIGURE 2 7
STRESS PLOTS ALONG OUTSIDE SURFACE

OF OUTF.R PENETRATION

WPF0746A:thW0593 12



_.___ _ ___ _ __ .__. _ . .._. __ __ _ _ _ - . _ _ _ _ . _ _ - _ ._ _ _ - . _. __

.

.

|

2.5 Stress Analysis Results - Intermedinte Penetration |

'lhe intermediate penetration analyzed is on a radius of [ ]* frorn die vessel centerline (i.e.,

penetration no. 65 of a four loop plant). The stress analyses were carried out in precisely the same

Inanner as the outermost penetration.

Figure 2-8 provides plots of the hoop, axial, and Von Mises stresses for the steady state operating

corxlitions on the inside surface of the intermediate nenetration tube along the peak stress lines. The

peak stress lines correspond to those lines described for the outmost penetration. Figure 2 9 provides

the hwp and atlal stress distributlens for the intermediate penetration.

2.6 Stress Analysis Results - Center Penetration

a.c
- _

~

] The overall stress magnitudes
-.

are lower than those of die outer penetrations. The stress plot and contours along the inside and

outside surfuees are shown in Figure 210 and 211 respectively,

i
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,
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FIGURE 2 8
STRESS PI,OTS Al.ONG INSIDE SURFACE

OF IN'I'ERMEDIATE PENETRATION
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b,c

FIGURE 2 9

STRESS DISTRillUTION AT STEADY STATE CONDITION
OF INTERMEDIATE PENETRATION
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b,c

FIGURE 210
STRESS PI,OTS AI,0NG INSIDE AND OUTSIDE SURFACES

OF CEN'IT.R PENETRATION

WTF0746A:1te10593 16

. . . _ .



.

4

b,c
FIGURE 211

STRESS DISTRIlltm0N AT STEADY STATE CONDITION
OF CENTER PENETRATION
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2,7 Heactor Vessel llead lloit up Stress Contribution

An additional 2 dimensional, axisymmetric rnodel was developed and used to determine the stress

contribution in the closure head, due to bolt up loads. Holt up loads are generated in the closure head I

by the rotation of the flanges caused by the (Jghtening of die stud tensioners. The analysis evaluated

the change in the stresses at a radial distance of 64.5 inches (nenetration location #78) from the vessel l

Icenterline through the thickness of the shell. The conclusion of the analysis was that the bolt up

stresses ac nee gible compared to the operational stresses. This analysis also demonstrates that theli
simple boundary conditions (symmetry) used in the 3-dimensional, clastic plastic analysis provide

suitable constraints. A discussion of the analysis is included in die following paragraphs.

- a,c
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|

i

WIWN6A:lbS10493 18

, . . - . - -. - ... , . - - .- - . _ . - . .. .



a ,,Knm- AA- 1 n -s--- a . 2. ex- J 2 ,t-- s

6

mesmuss

a,C

FIGURE 2-12

MODEL MESil(ISOPARAMETRIC AXISYMMETRIC MODEL)
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FIGURE 213
CURRENT llOUNDARY CONDITIONS ON R/V llEAD PENETRATION MODEl.S'
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'Ihe evaluation looked at the following duce loads and load combinations:

1. Do!! up Load Only (54 Studs Ct 116.7 Lips get stud).

2. Operating liessure Only. '

3. Dolt up and Operating IYessure (2250 psi),
_ -

F

5

?

4

_.

|

.

a,C
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FIGURE 214
LOCATION OF LINE S6S3 IN TIIE MODEL MESil

wnm46A:stwio593 22

I t



. - _ - _ - _ _ _ _ - _ _ - , _

. .

,

;

t

h

-
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FIGURE 215
DISPl. ACED ELEMENT P1,0T (llOI,T UP AND PRESSURE LOADINGS)
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b,e

FIGURE 216
IlOOP STRESS LY Pl ANE o,(llOI,T.UP 1.OAD ONI,Y)

,

_

-

~ b,c
FIGURE 217

IlOOP STRESS Z DIRECTION o. (llOI T.UP I.OAD ONI,Y)

wPro746A:itwios93 24

1
1

i .. . . . __ __ __



_. . .. .- - _ _ _ . . ._. - , - - . . . . . .

.

.

_

b,c

FIGURE 218
IIOOP STRESS X.Y Pl ANE o,(PHESSURE I.OAD ONIN)

_

|

|

|

|

| ~' b,c
-

FICURE 219
ilOOP STRESS Z DIRECTION c. (llOLT UP 1,OAD ONLY)
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b,c

FIGUllE 2 20
1100l* STilfuiS LY l'l,ANE o,(llOl,T UI' AND l'ItESSUllE I.OAD)

< __
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b,c

FIGUltE 2 21

11001' STitESS Z DiltECTION o. (llOI.T UI' AND l'ItESSUllE LOAD)
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Table 21 below surnmarites the stresses calculated at node 297. (

ju

TAllLE 21

-

b,c

2.8 ASME Code / Reactor Yessel llend to Penetrution Tube Weld Conservatism

'Ihe ASME B&PV Code has used the same criteria for setting the penetratJon tube partial penetration,

weld size since the original publication of Section 111 in 1963. This criteria is presented in

Paragraph 4.57(c) of the 1963 edition and corresponding paragraphs of later editions. The
corresponding Paragraph is NB 3337.3(a) in the 1989 edition of Section ill, which is the latest version

approved for use by the NRC. This criteria states that, " Partial penetration welds shall be of sufficient

size to develop the full strength of the attachment (in 1963) or noules (in 1989)." This criteria is

based on one of the basic tenets of the ASME D&PV Code, that all vessel pressure boundary welds
must be as strong as the weakest of the two partsjoined together, lhls criteria was established so that

the weld was not the " weak link" or weakest part in the assembly such that any potential failure would
be expected to occur in the base metal, not the weld.

|

Die vessel fabricators used varying degrees of margin or conservatism on the weld sites specified on

| their fabrication drawings to comply with the ASME Code specified minimum dimensions for the

penetration tube weld detail. These weld details are shown in Code Figures 462.4(d) in the 1963 code|
'

and corresponding figures through Figure NB 4244(d) 1 in the 1989 code. These figures have the

same dimensions for the original or standard partial penetration design. Ilowever, there was an
alternate design added to these figures starting with the 1969 summer addenda.

wrim46AwoioS93 27
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The maximum lengths of the penetration tube to reactor vessel head weld at the outerinost CRDMs

varied among vessel vendors. These variations were due to vessel vendor interpretations of the Code
rules for the eriginal weld design.
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FIL('RE 2 22
WEl,D LENGTil ON llEAD I'ENETRATION tulle
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'I'able2-2
P

CRDM Weld Adapter l'artial l'enetration Weld I,engths --

b,c

-
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Table 2 2 (cont)

CRDM Weld Adapter l'artial l'enetration Weld I,engths
- -

.

,

1

l
,

|

b,e

W
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Table 2 2 (cont)

-

CRDM Weld Adapter Partial Penetration Weld 1,engths ~

r

b,C

- -
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2.9 Desclopment of Stress / Strain Cunes

Tests were performed to investigate the stress strain relationship of Alloy 600 material for typical

Westinghouse pWR reactor vessel head penetrat'ons. These tests were performed to help deterintnel

the actual material characteristics and fatigue life of *as-Installed" Alloy 600 head penetration anaterial
at 60PF.

2.9.1 Purpose

-

2.9.2 Method
-

>

-

2.9.3 Test Specimen
-

._.

M
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a,c-

FIGURE 2 23
TEST SPECIMEN

_

a,c

- FIGURE 2 24
IIEAD PENETRATION tulle SAMP1,E
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2,9,4 Test Descript!on
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FIGURE 2 25

| CYCLIC STRESS STRAIN 1.OADING REPRESENTATION
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_ _._ b,c -

FIGURE 2 26

HOLD TIh1E STRESS-STRAIN TEST GRAPlilCAL REPRFSENTATIONi

d
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Sten 1 (Cycle 1)
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2.9.5 Test Results
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Table 2 3

Cyclic Stress Strain Test Results
_ _

4

b,c

__ _

Table 2-4

Results for the 10 Block
Cyclic Test, Specimen Number 65-03

__

4

b,c

;
-
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|
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Tanle 2 5

Results for the [ ]' illock Test,
Specimen Number 65 04
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Table 2 6.

Ilold Time Stress-Strain Test Results
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FIGURE 2-28 i

|

ALLOY 600 MATERIAL
i
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FIGURE 2-29

ALLOY 600 MATERIAL STRESS-STRAIN CURVES
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FIGURE 2-30

ESTIMATED FATIGUE CURVES FOR TFST
MATERIAL AND ACTUAL TFSF DATA FOR SPECIAL TESTS
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2.10 Two and Three Loop Reactor Vessel Reconciliation

The purpose of this section is to reconcile and to demonstrate that the stresses obtained from 4-loop

penetrations are enveloping for the penetrations of the 2 and 3 loop plants,

b,c j

l- |

_ _

; WPFW46A:lh!010923 46 |

|-
<

|

.



_ .... . . . - - . .. .- . . . . . . .. .

1

.

. .

1

4 emmy musu
4

4

i

1

1

.

't
i

1

$

d

rf

4

s

.

1

N

e

i
.

<

4

g

!

<

t
|

.

t

,

b

i

d -t
4 _.

!!'

,

s

4

(i

i. -

t

i

,

t

L

i

3,b,C- _

,. .
.

WPFW/46A:lhol0693 47
i

,

d

, q-- . .- _ - - - - - - - . - _ . - - . ,



A m- a.- ,.a 4 -As<, - --s--n A-.n -- s v.+

1

e
9 '

4

1
4 '

1

- -

i

i
I i

5 |
'$ . <

A,

4

6

3

,

Y
I

$

)
.

.

?

o,
'

-

E

I
s

a

4

i

E

.

a

9

s

;

I

.
1
.

F

f

I'

h,
.

F

,

I
r

!
,. ,

I

i

r'
,

,

b -
I

h
r .

|
t-
i

,-

|

.
I

,

i b,c
(:
I. -

!
,

- wpr@46A:WD10693 - 48
,

!

?'

f
I

V

, - x r- * m " f



_ _

.

.

_

|

|

t

b,e
| FIGURE 2 31

MAXIMUM IIOOP STRESS AS A FUNCTION OF PENETRATION ANGULAR LOCATION
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2.11 Summary and Conclusions

2.11.1 Summary
-

I

i
!

|
t
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a,b,c
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2.11.2 Conclusions
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3.0 CRACK GROWTil ANAL.YSIS: Fl.AW TOI.ERANCE

3.1 Introduction

The goal of this work was to provide a quantitative measure of the tolerance of the head penetrations

for the presence of a flaw. The mode of crack extension is primary water stress corrosion cracking,

and therefore the loading of interest is the steady state operating condition. De crack growth law
used in this study was obtained from a survey of the available literature on this material and

environment, with the temperature effect on the growth rates based on a collection of crack growth

information from both laboratory and field data.

3.2 Crack Growth Prediction Methodology
_

a,b,e
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Scott's model appears to follow the appropriate trends, and was therefore chosen as the best available .

model for prediction of the crack growth in the pcnetrations. The equation for the inodel at 330*C
.
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3.3 Oserall Approach
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P
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3.4 Results
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3.5 Summary and Conclusions
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Table 31

Temperature Correction Factors for Crack Growth: Alloy 600
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-

-

d

WPFM46A:lb,010693 $7

_ _ __ _ _ - - ____



4

a

e
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FIGURE 3-1

CRACK GROWTH RATE MEASUREMENTS IN THE |
1200 ppm II,2.2 ppm I,i IIASELINE ENVIRONMENf'3
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FIGURE 3-2.~
'

CR ACK GROWTH RATE RESULTS FOR STATICALLY AND ACTIVELY:
LOADED SPECIMENS IN THREE DIFFERENT ENVIRONMENTS"3 ]
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FIGU'RE 3-3

SCOTTS MODEl?! FOR SCC GROWTil RATES Ib' ALLOY 600 IN

PRIMARY WATER ENVIRONMENTS (330 C)
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FIGURE 3-4

VALIDATION OF CRACK GROWTH LAW WITH FIELD DATA
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FIGURE 3 5 -'

SUMMARY OF TEMPERATURE EFFECTS 0.N SCC GROWTH RATES FOR
ALLOY 600 IN PRIMARY WATER, LAllORATORY AND FIELD EXPERIENCE
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' FIGURE 3-6 [

~ CRACK GROMTil PREDIC110NS FOR SURFACE FLAWS IlELOW AND AT TiiE WELD-
REGION IN Tile 11EAD PENETRATIONS FOR A RANGE OF TEMPERATURES
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Table 5-1
Summary of Metallography Results on Alloy 600

Penetration Tube Materials
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FIGURE 5-8

SEM MICROGRAPilS ILLUSTRATING TIIE MICROSTRUCTURE OF THE ALLOY 600 SAMPLE OBTAINED FROM THE.
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